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Abstract Cancers of epithelial origin are responsible for
the majority of cancer-related deaths in the USA.
Unfortunately, although chemotherapy and/or radiation
therapy can sometimes shrink tumors, metastatic can-
cers of epithelial origin are essentially incurable. It is
clear that new approaches are needed to treat these
diseases. Although cancer cell lines provide invaluable
information, their biological properties often differ in
crucial ways from de novo cancer cells. Our laboratory
has developed a novel mouse model that reliably permits
individual cancer cells isolated directly from patients’
tumors to be assayed. This will allow the characteriza-
tion of crucial signaling pathways involved in processes
such as self-renewal that are critical for tumor formation
by the cancer cells within de novo tumors. These tools
should lead to new insights into the cellular and
molecular mechanisms that drive human breast cancer
growth and invasion.
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Introduction
Although cell lines have led to remarkable advances in
our understanding of the molecular and biochemical
changes in cancer cells, their use in the identification of
effective cancer therapies is somewhat limited [5, 15].
Cell lines are imperfect predictors of drug efficacy in de
novo tumors. Several factors likely account for this
deficiency. Cancer cell lines are selected from a sub-
population of cancer cells that are specifically adapted to
growth in tissue culture, and the biological and func-
tional properties of these cell lines can change dramati-
cally [8, 16, 20, 34]. Furthermore, cancer cells from only
a minority of breast cancer tumors will establish cell
lines, suggesting a selection bias for cancers capable of
growing in tissue culture. Additionally, the phenotypic
and functional characteristics of these cell lines can
change drastically relative to their properties in vivo.
For example, the marker expression of both normal
hematopoietic and leukemia tissue culture cells can
change rapidly in tissue culture and often does not reflect
that of the original stem cells from which they were
derived. Even when conditions are devised to permit the
proliferation of normal stem cells in culture, the condi-
tions often promote self-renewal or differentiation in a
way that prevents the stem cells in culture from reca-
pitulating the hierarchy of cell populations that exist
in vivo. Taken together, these observations suggest that
the biological properties of cancer cell lines can differ
markedly from the cancer cells from which they were
derived. This likely explains at least in part why the cell
lines are often poor predictors of a drug’s efficacy in the
clinic.
An immunodeficient mouse model for solid tumors
Realizing that a reliable assay was necessary to study the
self-renewal of dissociated cancer cells, a substantial and
ultimately successful effort by our laboratory led to the
development of a xenograft assay that measured not just
proliferation but also cancer cell self-renewal [2]. This
assay appears to be reliable in permitting dissociated
cancer cells from patients’ tumors to self-renew. The
success of this assay is significantly better than tissue-
culture assays and other animal models reported to date.
Although breast cancer cells often briefly proliferate in
certain tissue-culture systems, cells from most tumors do
not self-renew in vitro and eventually stop proliferating
[9, 10, 18]. Previously developed mouse models were not
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efficient when dissociated cells were injected into mice.
This model has recently been extended to other epithelial
tumors and we have found that, like breast cancer cells,
only a subset of the cancer cells was able to form tumors.
Using this model, we found that only a subset of
cancer cells isolated from breast tumors was able to form
tumors. Using flow cytometry, we found that the
CD24/low CD44+ cancer cells were highly enriched
such that cancer cells were able to form tumors in the
xenograft model (Fig. 1). On the other hand, in most
patients who were examined, other populations of can-
cer cells were depleted of tumor-forming cells.
Stem cells, cancer and self-renewal
Common cancers arise in tissues that contain a large
subpopulation of proliferating cells that are responsible
for replenishing the short-lived mature cells. In such
organs, cell maturation is arranged in a hierarchy in
which a rare population of stem cells gives rise to the
mature cells that perpetuate themselves through a pro-
cess called self-renewal [1, 4, 6, 12, 19, 24, 26, 29, 35].
Owing to their rarity, stem cells must be isolated in order
to study their biological, molecular and biochemical
properties. Several aspects of stem-cell biology are rele-
vant to cancer. First, both normal stem cells and cancer
stem cells undergo self-renewal, and emerging evidence
suggests that similar molecular mechanisms regulate
self-renewal in normal stem cells and their malignant
counterparts. Next, it is likely that mutations that lead
to cancer accumulate in normal stem cells. Finally, it
appears that tumors contain a ‘‘cancer stem cell’’ pop-
ulation with indefinite proliferative potential that drives
the growth and metastasis of tumors [2].
Genetic regulation of self-renewal in normal stem cells
and cancer cells
Maintenance of a tissue or a tumor is determined by a
balance of proliferation and cell death [13]. In a normal
tissue, stem cell numbers are under tight genetic regu-
lation resulting in a constant number of stem cells in the
organ [21, 22, 25]. By contrast, cancer cells have escaped
this homeostatic regulation, and the number of cells
within a tumor that have the ability to self-renew is
constantly expanding, resulting in continuous expansion
of the tumor. Thus, the identification of mechanisms in
which cancer cells regenerate themselves through a
process called self-renewal is critical to our under-
standing of these diseases. It is becoming clear that self-
renewal pathways in at least some of the cancer cells are
disrupted, resulting in an expansion of tumorigenic
cancer cells. To develop assays to identify these path-
ways, one must first identify which cancer cells in the
tumor are capable of self-renewal.
Several genes that regulate normal stem cell self-re-
newal play a role in cancer. Recently, it has been shown
that Wnt/b-catenin signaling plays a pivotal role in both
self-renewal of normal stem cells and malignant trans-
formation [7, 17, 27]. The Wnt pathway (Fig. 2) was first
discovered in mouse mammary tumor virus-induced
breast cancer where deregulated expression of Wnt-1
due to proviral insertion resulted in mammary tumors
[23, 32]. Subsequently, it has been shown that Wnt
proteins play a central role in pattern formation. Wnt-1
belongs to a large family of highly hydrophobic secreted
proteins that function by binding to their cognate
receptor, a dimer of one of the members of the Frizzled
family with low-density lipoprotein receptor-related
protein 5 or 6, resulting in the activation of b-catenin [7].
In the absence of receptor activation, b-catenin is
marked for degradation by a complex consisting of the
adenomatous polyposis coli (APC), Axin and glycogen
synthase kinase-3b proteins [14, 30].
Wnt proteins are expressed in the bone marrow, and
activation of Wnt/b-catenin signaling by Wnt in vitro or
by expression of a constitutively active b-catenin in vivo
expands the pool of early progenitor cells and enriched
normal transplantable hematopoietic stem cells in tissue
culture and in vivo [27]. The inhibition of Wnt/b-catenin
by ectopic expression of Axin, which targets b-catenin
for ubiquitination and degradation, leads to the inhibi-
tion of stem cell proliferation both in vitro and in vivo.
Other studies suggest that the Wnt/b-catenin pathway
mediates stem or progenitor cell self-renewal in other
tissues [32]. Higher levels of b-catenin are seen in
keratinocytes with higher proliferative potential than
those seen in keratinocytes with lower proliferative
capacity [11]. Like their normal hematopoietic stem cell
Fig. 1 Flow cytometry of a breast cancer tumor. Pleural effusion
cells were dissociated and stained with antibodies against CD44,
CD24, and a panel of antibodies that recognize normal cells [2].
The CD44+ CD24/low cancer cells, but not the majority of cancer
cells with other phenotypes, had the exclusive ability to form
tumors
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counterparts, enforced expression of an activated b-
catenin increased the ability of epidermal stem cells to
self-renew and decreased their ability to differentiate.
Mice that fail to express TCF-4, one of the transcription
factors that is activated when bound to b-catenin, soon
exhaust their undifferentiated crypt epithelial progenitor
cells, further suggesting that Wnt signaling is involved in
the self-renewal of epithelial stem cells. Normally, b-
catenin is anchored to the cell surface and the cyto-
skeleton by E-cadherin and a-catenin (Fig. 2). In the
fruit fly, disruption of this interaction leads to increased
stem cell proliferation and expansion of the stem cell
pool, probably secondary to loss of polar cell divisions
[36].
The catenins have been implicated in cancer. Acti-
vation of b-catenin in colon cancer by inactivation of
the protein degradation pathway, most frequently by
mutation of APC, is common [31]. Expression of cer-
tain Wnt genes is elevated in some other epithelial
cancers, suggesting that activation of b-catenin might
be secondary to ligand activation in such cancers [3].
There is evidence that constitutive activation of the
Wnt/b-catenin pathway may confer a stem/progenitor
cell phenotype to colon cancer cells. Inhibition of b-
catenin/TCF-4 in a colon cancer cell line induced the
expression of the cell-cycle inhibitor p21cip-1, and also
induced the cells to stop proliferating and to acquire a
more differentiated phenotype [33]. Enforced expression
of the proto-oncogene c-myc, which is transcriptionally
activated by b-catenin/TCF-4, inhibited the expression
of p21cip-1 and allowed the colon cancer cells to pro-
liferate when b-catenin/TCF-4 signaling was blocked,
linking Wnt signaling to c-myc in the regulation of cell
proliferation and differentiation.
The role of the mutations in the components of the
canonical b-catenin pathway in breast cancer is less clear
[9]. Unlike colon cancer, in breast cancer, mutations in
APC or b-catenin resulting in stabilization of the protein
are rare. In colon cancer, these mutations result in the
accumulation of the b-catenin in the nucleus. Of the 24
breast cancer cell lines studied, only the DU 4475 cells
contained a mutant APC gene [28]. Despite the rarity of
mutations in APC or b-catenin, in some cases of breast
cancer, the b-catenin is located in the nucleus rather than
Fig. 2 Wnt signaling cascades. In normal cells, E-cadherin and a-
catenin link b-catenin to the cell membrane and the cytoskeleton.
In the canonical Wnt pathway, Wnt ligands bind to Frizzled
receptors utilizing the LRP 5/6 co-receptors. DKK1 is an
extracellular inhibitor of Wnt signaling that blocks the LRP 5/6
co-receptors. Ligand-bound Frizzled receptors activate Dishevelled
(DSH) by an unknown mechanism, inhibiting the glycogen
synthase kinase-3 (GSK-3)/Axin/adenomatous polyposis coli
(APC) complex that targets b-catenin for degradation via the
ubiquitination pathway in the absence of Wnt signaling. b-Catenin
translocates to the nucleus, where it interacts with TCF/LEF
transcription factors to initiate transcription of target genes. In the
alternative pathway, the binding of Wnt ligands to Frizzled and
LRP 5/6 co-receptors activates heterotrimeric G proteins (G). The ?
indicates that disruption of the E-cadherin/b-catenin complex may
release b-catenin from the adhesion complex and allow it to
activate the canonical Wnt-signaling pathway. Activation of G
proteins results in the formation of inositol-1,4,5-triphosphate
(IP3), which triggers the release of intracellular Ca
2+. This triggers
the activation of the Ca2+-sensitive enzymes such as calmoldulin-
dependent protein kinase II (CamKII) and protein kinase C (PKC),
which leads to cellular responses (DAG diacylglycerol)
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the outer membrane. In these cancers, c-myc and cyclin
D1, downstream targets of b-catenin, are overexpressed
and this is associated with poor prognosis. Studies using
cell lines suggest that in some cancer cell lines the b-
catenin pathway is activated by autocrine secretion of
Wnts. In these cells, growth is inhibited using the soluble
Wnt inhibitor DKK1 and the growth of some breast
cancer cell lines is inhibited.
Implications of cancer stem cells
An axiom in the treatment of tumors is that remission is,
in general, more difficult to achieve with each relapse.
Obtaining initial remission as dictated by current sur-
veillance methods only results in the patient succumbing
to disease in relapse. Metastasis is also a difficult hurdle
to cross in many clinical settings. In most cancers, the
presence of metastasis at diagnosis dictates more
aggressive therapies, and lower disease-free survival
rates, as seen in sarcomas and neuroblastomas. In the
cancer stem cell model, it is the tumorigenic cancer stem
cell that escapes chemotherapy and metastasizes to a
new location to cause distant tumor recurrence. Our
current approaches to the cure are dependent on a few
qualities that tumors exhibit. Surgical approaches are
successful in tumors in which metastasis is not an issue
and where the tumor can be removed en bloc. Many
chemotherapeutic drugs and radiation treatments de-
pend on cells that divide and proliferate at high rates.
Antibody therapy is dependent on the presence of an
effective antigen. Under the cancer stem cell model, it
becomes clear that present therapy would not be effec-
tive at targeting cancer stem cells. If cancer stem cells
exhibit qualities of other stem cells, their low rates of
division and proliferation would help them to avoid
chemotherapy and radiation. Certain antigens currently
targeted by biologic therapies may not be expressed on
cell surfaces until the cells are more mature. Current
therapy may be good at producing initial tumor burden
reduction, but if the cancer stem cells are spared, relapse
is inevitable (Fig. 3).
Conclusions
Cancers arise in tissues that contain a stem cell popu-
lation. Since stem cells are often the longest-lived cells in
an organ, mutations leading to cancer often accumulate
in the stem cell pool. Tumors of many, if not all, organs
contain a cancer stem cell pool that has the exclusive
ability to drive tumor growth. These cells may or may
not be derived from normal stem cells. Regardless of the
cell of origin, the cancer stem cells rely on self-renewal
pathways present in normal stem cells to maintain
themselves and expand. Clearly, there are mutations in
the self-renewal pathways in cancer stem cells. Targeting
these aberrant self-renewal pathways in cancer cells may
result in more effective cancer therapies.
References
1. Akashi K, Weissman IL (2001) In: Zon LI (ed) Developmental
biology of hematopoiesis. Oxford University Press, New York
2. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ,
Clarke MF (2003) Prospective identification of tumorigenic
breast cancer cells. Proc Natl Acad Sci USA 100:3983–3988
3. Bafico A, Liu G, Goldin L, Harris V, Aaronson SA (2004) An
autocrine mechanism for constitutive Wnt pathway activation
in human cancer cells. Cancer Cell 6:497–506
Fig. 3 Effect of cancer
treatments. When patients with
solid tumors are treated, their
tumors often shrink. Since the
bulk of the tumor is not
composed of the cancer stem
cells, the therapies must
eliminate the nontumorigenic
cells. In the case of testicular
cancer, even though platinum-
based therapies do not always
eliminate all of the cancer cells,
the cancer stem cells are usually
eliminated and most patients
are cured. However, in most
solid tumors, the therapies
likely spare a significant
number of the cancer stem cells
and the residual cancer stem
cells regenerate the tumor
s67
4. Bergsagel DE, Valeriote FA (1968) Growth characteristics of a
mouse plasma cell tumor. Cancer Res 28:2187–2196
5. Brown JM (1997) NCI’s anticancer drug screening program
may not be selecting for clinically active compounds. Oncol Res
9:213–215
6. Bruce WR, Gaag H (1963) A quantitative assay for the number
of murine lymphoma cells capable of proliferation in vivo.
Nature 199:79–80
7. Cadigan KM, Nusse R (1997) Wnt signaling: a common theme
in animal development. Genes Dev 11:3286–3305
8. Dorrell C, Gan OI, Pereira DS, Hawley RG, Dick JE (2000)
Expansion of human cord blood CD34(+)CD38() cells in ex
vivo culture during retroviral transduction without a corre-
sponding increase in SCID repopulating cell (SRC) frequency:
dissociation of SRC phenotype and function. Blood 95:102–110
9. Ethier SP, Mahacek ML, Gullick WJ, Frank TS, Weber BL
(1993) Differential isolation of normal luminal mammary epi-
thelial cells and breast cancer cells from primary and metastatic
sites using selective media. Cancer Res 53:627–635
10. Furley AJ, Reeves BR, Mizutani S, Altass LJ, Watt SM, Jacob
MC, van den Elsen P, Terhorst C, Greaves MF (1986) Diver-
gent molecular phenotypes of KG1 and KG1a myeloid cell
lines. Blood 68:1101–1107
11. Gat U, DasGupta R, Degenstein L, Fuchs E (1998) De novo
hair follicle morphogenesis and hair tumors in mice expressing
a truncated beta-catenin in skin. Cell 95:605–614
12. Hamburger AW, Salmon SE (1977) Primary bioassay of hu-
man tumor stem cells. Science 197:461–463
13. Hanahan D, Weinberg RA (2000) The hallmarks of cancer.
Cell 100:57–70
14. Hedgepeth CM, Deardorff MA, Rankin K, Klein PS (1999)
Regulation of glycogen synthase kinase 3beta and downstream
Wnt signaling by Axin. Mol Cell Biol 19:7147–7157
15. Hoffman RM (1999) Orthotopic metastatic mouse models for
anticancer drug discovery and evaluation: a bridge to the clinic.
Invest New Drugs 17:343–359
16. Ikeda H, Kanakura Y, Furitsu T, Kitayama H, Sugahara H,
Nishiura T, Karasuno T, Tomiyama Y, Yamatodani A,
Kanayama Y, Matsuzawa Y (1993) Changes in phenotype and
proliferative potential of human acute myeloblastic leukemia
cells in culture with stem cell factor. Exp Hematol 21:1686–
1694
17. Korinek V, Barker N, Moerer P, van Donselaar E, Huls G,
Peters PJ, Clevers H (1998) Depletion of epithelial stem-cell
compartments in the small intestine of mice lacking Tcf-4. Nat
Genet 19:379–383
18. Krasna L, Dudorkinova D, Vedralova J, Vesely P, Pokorna E,
Kudlackova I, Chaloupkova A, Petruzelka L, Danes J, Ma-
touskova E (2002) Large expansion of morphologically heter-
ogeneous mammary epithelial cells, including the luminal
phenotype, from human breast tumours. Breast Cancer Res
Treat 71:219–235
19. Lagasse E, Weissman IL (1994) bcl-2 inhibits apoptosis of
neutrophils but not their engulfment by macrophages. J Exp
Med 179:1047–1052
20. Leglise MC, Dent GA, Ayscue LH, Ross DW (1988) Leukemic
cell maturation: phenotypic variability and oncogene expres-
sion in HL60 cells: a review. Blood Cells 13:319–337
21. Morrison SJ, Qian D, Jerabek L, Thiel BA, Park IK, Ford PS,
Kiel MJ, Schork NJ, Weissman IL, Clarke MF (2002) A ge-
netic determinant that specifically regulates the frequency of
hematopoietic stem cells. J Immunol 168:635–642
22. Muller-Sieburg CE, Cho RH, Sieburg HB, Kupriyanov S,
Riblet R (2000) Genetic control of hematopoietic stem cell
frequency in mice is mostly cell autonomous. Blood 95:2446–
2448
23. Nusse R, Brown A, Papkoff J, Scambler P, Shackleford G,
McMahon A, Moon R, Varmus H (1991) A new nomenclature
for int-1 and related genes: the Wnt gene family. Cell 64:231
24. Park CH, Bergsagel DE, McCulloch EA (1971) Mouse mye-
loma tumor stem cells: a primary cell culture assay. J Natl
Cancer Inst 46:411–422
25. Phillips RL, Reinhart AJ, Van Zant G (1992) Genetic control
of murine hematopoietic stem cell pool sizes and cycling
kinetics. Proc Natl Acad Sci USA 89:11607–11611
26. Reya T, Morrison SJ, Clarke MF, Weissman IL (2001) Stem
cells, cancer, and cancer stem cells. Nature 414:105–111
27. Reya T, Duncan AW, Ailles L, Domen J, Scherer DC, Willert
K, Hintz L, Nusse R, Weissman IL (2003) A role for Wnt
signalling in self-renewal of haematopoietic stem cells. Nature
423:409–414
28. Schlosshauer PW, Brown SA, Eisinger K, Yan Q, Guglielmi-
netti ER, Parsons R, Ellenson LH, Kitajewski J (2000) APC
truncation and increased beta-catenin levels in a human breast
cancer cell line. Carcinogenesis 21:1453–1456
29. Southam C, Brunschwig A (1961) Quantitative studies of
autotransplantation of human cancer. Cancer 14:971–978
30. Spink KE, Polakis P, Weis WI (2000) Structural basis of the
Axin-adenomatous polyposis coli interaction. Embo J 19:2270–
2279
31. Taipale J, Beachy PA (2001) The hedgehog and Wnt signalling
pathways in cancer. Nature 411:349–354
32. Tsukamoto AS, Grosschedl R, Guzman RC, Parslow T, Var-
mus HE (1988) Expression of the int-1 gene in transgenic mice
is associated with mammary gland hyperplasia and adenocar-
cinomas in male and female mice. Cell 55:619–625
33. van de Wetering M, Sancho E, Verweij C, de Lau W, Oving I,
Hurlstone A, van der Horn K, Batlle E, Coudreuse D, Haramis
AP, Tjon-Pon-Fong M, Moerer P, van den Born M, Soete G,
Pals S, Eilers M, Medema R, Clevers H (2002) The beta-cate-
nin/TCF-4 complex imposes a crypt progenitor phenotype on
colorectal cancer cells. Cell 111:241–250
34. Weidmann E, Brieger J, Karakas T, Maurer U, Pascheberg U,
Hoelzer D, Mitrou PS, Bergmann L (1997) Establishment and
characterization of a new, factor-independent acute myeloid
leukemia line designated Ei501. Leukemia 11:709–713
35. Wodinsky I, Swiniarski J, Kensler CJ (1967) Spleen colony
studies of leukemia L1210.I. Growth kinetics of lymphocytic
L1210 cells in vivo as determined by spleen colony assay.
Cancer Chemother Rep 51:415–421
36. Yamashita YM, Jones DL, Fuller MT (2003) Orientation of
asymmetric stem cell division by the APC tumor suppressor
and centrosome. Science 301:1547–1550
s68
